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An NMR Study of Pyridine Associated With DMPC Liposomes and
Magnetically Ordered DMPC-Surfactant Mixed Micelles

Janet M. Henderson, Robert M. lannucci, and Matthew Petersheim
Chemistry Department, Seton Hall University, South Orange, New Jersey 07079 USA

ABSTRACT With molecular dynamics simulations of phospholipid membranes becoming a reality, there is a growing need
for experiments that provide the molecular details necessary to test these computational results. Pyridine is used here to explore
the interaction of planar aromatic groups with the water-lipid interface of membranes. It is shown by magic angle spinning '*C
nuclear magnetic resonance (NMR) to bind between the glycerol and choline groups of dimyristoylphosphatidlycholine (DMPC)
liposomes. The axial pattern for the 3'P NMR spectrum of DMPC liposomes is preserved even with more than half of the interfacial
sites occupied, indicating that pyridine does not disrupt the lamellar phase of this lipid. 2H NMR experiments of liposomes in
deuterium oxide demonstrate that pyridine might promote greater penetration of water into restricted regions in the interface.
Magnetically oriented DMPC/surfactant micelles were investigated as a means for improving resolution and sensitivity in NMR
studies of species bound to bilayers. The quadrupolar splittings in the 2H NMR spectra of d;-pyridine in DMPC liposomes and
magnetically oriented DMPC/Triton X-100 micelles indicate a common bound state for the two bilayer systems. The well resolved
quadrupolar splittings of d;-pyridine in oriented micelles were used to establish the tilt of the pyridine ring relative to the bilayer

plane.

INTRODUCTION

Recent molecular dynamics studies provide remarkable
views of the complex aqueous interface in fluid lipid mem-
branes that are in general agreement with experimental re-
sults such as atomic order parameters for the phospholipid
molecules from nuclear magnetic resonance (Paster et al.,
1991; De Loof et al., 1991; Bassolino-Klimas et al., 1993;
Venable et al., 1993; Xiang and Anderson, 1994). However,
much of the interest in phospholipid membranes lies with the
behavior of substances associating with the bilayer, e.g.,
membrane proteins, amphiphilic peptides, and anesthetics.
The immediate possibility of now simulating this behavior
(Bassolino-Klimas et al., 1993) generates a need for experi-
mental evidence dealing with the dynamics of the included
species in the membrane. Although the behavior of species
in membranes has often been inferred from their effect on the
phospholipid (Forrest and Mattai, 1985; Pope and Dubro,
1986; Boden et al., 1988; Boden et al., 1991; Yang et al.,
1992), a complete test of simulations will require the equiva-
lent of atomic order parameters for the included species
itself.

The work presented here deals with methods for probing
the behavior of small amphiphiles in the water-membrane
interface. There are many classes of substances expected to
partition primarily into the polar and aqueous domains of the
bilayer (Sanders and Schwonek, 1993; Xiang and Anderson,
1994; Barry and Gawrisch, 1994). Depending on their size
and functionality, these “probes” provide a broad range of
control over the specificity of interaction with the lipid and
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the degree to which the species perturbs the bilayer. This is
the type of control needed in experiments designed to test
select details of the very complex simulations of membranes.
Pyridine was chosen for these studies as an amphiphilic
probe of the lipid-water interface because it is small, rigid,
and aromatic, and it has three chemically distinct sites on the
ring. The small size and the fact that it is not a hydrogen bond
donor are features chosen to minimize the perturbation when
it associates with the interface. The rigidity of the ring re-
moves the possibility of conformational degrees of freedom
in the probe, and the aromaticity can be used to locate the
molecule in the membrane on the basis of ring current shifts
of lipid resonances. Replacing the three chemically distinct
hydrogens on pyridine with deuterons provided a conve-
nience in determining the order parameter for the probe,
which is interpreted in terms of the average orientation of the
ring in the interface. Although pyridine is an ubiquitous part
of our environment (Tsukioka and Murakami, 1987; Pinsky
and Bose, 1988; Shimoda and Shibamoto, 1990; Kim et al.,
1992; Ishihara et al., 1992; Henderson et al., 1992), there is
only incidental evidence that there is biological relevance in
its association with membranes (Borchard and Wolfgang,
1989; Lipnick, 1989) other than as a means for entering the
cell. It is of interest here only for its properties as a probe of
the interface.

As mentioned above, the aromaticity of pyridine is ex-
ploited to determine its location in the water-lipid interface
through ring current shifts of the phospholipid *C reso-
nances. In a more indirect manner, association of pyridine
with the membrane can be viewed in terms of its effects on
the interfacial water. Quadrupolar splitting of deuterium
NMR resonances of ?H,O (Finer, 1973; Ulmius et al., 1977;
Gawrisch et al., 1992) arises from local restrictions on the
water imposed by the lipid moieties in the interface; this can
be observed with multilamellar liposomes. The magnitude of
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the splitting under conditions of fast exchange reflects the
fraction of molecules in locally restricted sites and the as-
sociated order parameters. Association of an amphiphile with
the lipid is expected to displace some of the interfacial water
and possibly alter the local environment of that which re-
mains in the interface. The quadrupolar splitting of *H,0
was used in these studies to detect such changes induced by
pyridine.

It was stated that pyridine was chosen in part for its small
size, to minimize the local perturbation of the lipid. The *'P
NMR powder pattern of the phospholipid is sensitive to gross
changes in the lipid phase state and was used here as a simple
measure of the degree to which pyridine distorted the bilayer
structure. Differential scanning calorimetry was also used to
determine the degree to which pyridine perturbs the lipid and
’H NMR of deuterated pyridine provided a measure of
whether pyridine binding differs between the gel and liquid
crystalline states of the bilayer.

The deuterium quadrupolar doublets can be a rich source
of information for membrane-bound species such as peptides
(Davis, 1988) and glycolipids (Renou et al., 1989; Sanders
and Prestegard, 1991; Hare et al., 1993). There is also very
little background in the ?H spectrum from the lipid itself
because of the low natural abundance for this isotope
{0.015%). For pyridine and other rigid molecules, there is
little need to establish structure in the membrane-bound state,
but the resonance splittings can be used to characterize the
orientation of the molecule relative to the bilayer normal.
With liposomes the 2H Pake peak shape spreads the reso-
nance intensity over several kHz, incurring a dramatic de-
crease in sensitivity and resolution relative to the narrow
resonances found in more isotropically fluid solutions. Nu-
merical dePaking can be used to recover resolution but not
sensitivity (Bloom et al., 1981). The quadrupolar doublets
can be preserved while directly reducing the Pake patterns to
relatively sharp resonances through the use of oriented phos-
pholipid bilayers. This approach provides the spectral reso-
lution generally obtained through dePaking and recovers
most of the sensitivity that would be observed in a fluid
isotropic solution. The second part of this work explores the
use of magnetically oriented micelles for 2H NMR studies of
amphiphile behavior in the lipid bilayer.

Aqueous mixtures of several different surfactants with
DMPC have been shown to form lyotropic liquid crystal
phases that orient in the static magnetic field of an NMR
spectrometer (Ram and Prestegard, 1988; Sanders and
Prestegard, 1990, 1991, 1992; Sanders et al., 1993; Sanders,
1993). The suspensions are described as disk-shaped mi-
celles with a DMPC bilayer as the body of the disk and the
surfactant forming the rim. These micelles have been shown
to orient in a magnetic field over relatively broad ranges of
temperature and composition. Their principal disadvantage
is that the surfactant rim and phospholipid bilayer present
two micelle domains into which an analyte can partition. To
establish the conditions under which pyridine associates pri-
marily with the phospholipid domain, the micelle composi-
tion was varied by changing the surfactant/phospholipid ratio
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and the identity of the surfactant, using two of the systems
characterized by Prestegard and Sanders: DMPC/CHAPSO
and DMPC/Triton X-100 micelles.

MATERIALS AND METHODS

1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC) (>99% purity) was
purchased from Avanti Polar Lipids (Alabaster, AL), Triton X-100 and
3-[(cholamidopropyl) dimethylammonio]-2-hydroxy-1-propanesulfonate
(CHAPSO) from Sigma Chemical Co. (St. Louis, MO); deuterium oxide
(D,0) from Cambridge Isotope Labs (Woburn, MA) with a minimum iso-
topic purity of 99.9 atom% deuterium, Pyridine and pyridine-d; (>99.96
atom% deuterium) were purchases froth J.T. Baker (Phillipsburg, NJ) and
Aldrich Chemicals (Milwaukee, WI), respectively.

Sample preparation

Multilamellar vesicles with 10:1, 5:1, 1:1, and 0:1 pyridine:DMPC molar
ratios and water:DMPC mole ratio constant at 56:1 were prepared for °C,
’H and 3'P NMR experiments. The apparent concentration of DMPC in
water is 1 M. A stock solution of pyridine in distilled water was prepared
and adjusted to a pH of 9 using NaOH and HCl dilute solutions. This pH
was chosen to provide aprotic pyridine to avoid electrostatic double layer
effects with the partitioning into a neutral phospholipid membrane. Aliquots
of this solution were added to 400-mg samples of DMPC and adjusted to
60% by weight water. All samples were capped to eliminate evaporation,
and a freeze-thaw preparation was applied. Ten freeze-thaw cycles at —20°C
and 80°C were completed with the samples remaining in a bath for 20-min
intervals. A 1:1 d,-pyridine:DMPC sample was similarly prepared for deu-
terium NMR analysis. To obtain deuterium NMR spectra of the water as-
sociated with the membrane, samples with the four pyridine:DMPC ratios
were again prepared using D,O.

Surfactant/DMPC micelles, where the surfactant is either CHAPSO or
Triton X-100, were prepared by weighing the appropriate amounts of sur-
factant, DMPC, d,-pyridine, and 0.1 M sodium phosphate buffer, pH 9.0,
directly into a 5 mm NMR tube. The samples were then heated to 40°C in
a water bath and centrifuged at low rpm for 15-20 min. A glass rod was then
used to further mix the sample after warming to 40°C followed by additional
centrifuging at low rpm. This cycle was repeated 4-5 times until the sample
became clear, indicating micelle formation,

Instrumentation

All NMR spectra with multilamellar suspensions were acquired on a Varian
VXR-300 spectrometer having a magnetic field strength of 7.05 Tesla. This
system is equipped with a multinuclear Doty solids probe and variable tem-
perature unit. *'P and 2H spectra were collected with the rotor fixed in place,
to preserve the powder patterns, using a Hahn-echo pulse sequence. 1*C
spectra were obtained with magic angle spinning (MAS) at 2 kHz, and both
3P and "*C spectra were collected with proton decoupling. NMR experi-
ments with DMPC/surfactant micelles were performed on a General Electric
QE-300 NMR spectrometer, also at 7.05 Tesla, equipped with broad band
capabilities and a 5 mm "H/*C dual probe. 2H spectra were collected through
the lock coil, and *C spectra of magnetically oriented samples were col-
lected with broad band decoupling. Experiments were performed at 40°C
unless otherwise indicated.

Differential scanning calorimetry (DSC) data were obtained with a Seiko
Instruments Model 220C equipped with an auto cooling unit. Samples pre-
pared by the freeze-thaw cycles described above were weighed into alu-
minum pans with lids using a microbalance, cooled from room temperature
to 0°C at 30°C/min, held for 10 min at 0°C, and heating thermograms were
collected from 0 to 50°C at 1°C/min using an air reference.
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RESULTS
Studies with multilamellar liposomes
8C NMR studies: pyridine localizes in the interface

Liposome suspensions give rise to broad, poorly resolved *C
NMR peaks because the tumbling motion of the liposome
assembly is too slow to average the chemical shift anisotro-
pies. These broad powder patterns can be artificially nar-
rowed by way of magic angle spinning, providing resolved
resonances for most chemically distinct carbons in the lipid.
Addition of pyridine to a DMPC suspension results in upfield
shifts of nearly all of these *C resonances (Table 1). Note
that the entries in Table 1 are ordered according to decreasing
pyridine-induced shifts at 10:1 pyridine:DMPC. The shifts
are greatest for the head group glycerol carbons, but the
changes are not monotonic with distance from the interface.
These observations suggest that the pyridine has a preferred
orientation in the membrane and is sandwiched between the
choline and glycerol moieties. The small shifts of the fatty
acid resonances support the expectation that the pyridine per-
meates the hydrophobic domain to a lesser extent.

These ring current shifts are the clearest NMR measures
of intermolecular contacts besides direct dipolar coupling,
often exploited as the nuclear Overhauser effect. Both
tools are of great potential use in testing membrane simu-
lations. Some caution must be taken in interpreting the
relative magnitudes of the shifts because they will vary as
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—((3 cos’t — 1)/r’), where ¢ defines the position of the
atom relative to the ring’s normal and r is the distance to
the center of the pyridine ring. The average indicated by
the brackets would involve all phospholipid molecules
close to the pyridine and their fluctuations. This averaging
necessarily requires the molecular details of a dynamic
simulation. The fact that the choline and glycerol reso-
nances exhibit the largest upfield shifts suggests that these
groups are close to the faces of the ring, on average, which
is consistent with the interfacial binding of benzyl alcohol
suggested by Boden et al. (1988).

Adsorption coefficient for pyridine binding to DMPC

Because pyridine appears to bind primarily in the interface,
it is reasonable to treat the binding as a simple adsorption
equilibrium. It will be assumed that the surface concentration
of sites equals the surface concentration of lipid headgroups
with no nearest-neighbor exclusion. This yields an apparent
adsorption coefficient of the form

K., = FACP), — f1S1)A — )} @

where f is the fraction of surface sites occupied by pyridine,
[P], the total molar pyridine concentration in absence of the
lipid, and [S], is the apparent molar concentration of binding
sites, which is the apparent molar concentration of DMPC in
this model. The pyridine is in fast chemical exchange with

TABLE 1 'C MAS-NMR Resonances and 2H,0 quadrupolar splittings for multilameliar DMPC with pyridine at pH 9, 40°C:
calculated fraction bound and the apparent adsorption coefficient for pyridine
0/1 11 51 10/1

Pyridine/DMPC® 8(ppm)® A8f A3 Ad¢ A8 8 fie 1A fio' K~
Glycerol sn-2 71.43 -0.19 -0.6 —-0.73 -0.91 0.21 0.66 0.81 0.34
Choline N-CH, 54.73 -0.16 —0.56 -0.72 -0.97 0.16 0.57 0.74 0.23
Choline CH,-N 66.7 -0.11 -041 —-0.6 —1.08 0.10 0.38 0.56 0.13
Choline N-CH, 54.73 -0.16 -0.35 -0.51 -0.91 0.18 0.39 0.56 0.26
Glycerol sn-1 63.48 -0.03 -03 —0.48 -1.16 0.03 0.26 0.41 0.03
Acyl a-CH, 34.39 -0.08 -0.29 —0.42 -0.73 0.11 0.39 0.57 0.14
Acyl B-CH, 25.18 -0.14 —-0.32 —0.34 -0.36 0.39 0.89 0.95 1.05
Choline O-CH, 59.73 -0.05 -0.21 -0.31 -0.57 0.09% 0.37¢ 0.548 0.11#
Glycerol sn-3 63.98 0.02 ~0.13 —-0.24 -1.54 —0.01¢ 0.088 0.16% —0.012
Acyl CHys 30.01 -0.08 -0.18 —-0.16 -0.15 0.54¢ 1.228 1.08¢ 2.578
Carbonyl 173.52 0.07 -0.07 -0.16 0.58 0.12 —0.128 —0.288 0.16%
(w-2)-CH, 32.09 —-0.04 -0.12 —-0.14 -0.16 0.24 0.73 0.85 0.43
(w-1)-CH, 227 —-0.02 —0.08 -0.09 -0.10 0.20 0.79 0.89 0.31
Acyl CH, 13.8 ] 0 0
Average” = 0.17 0.54 0.69 0.30
(95% conf. int.)* (£0.07) (£0.12) (£0.10) (+0.16)
D,0 Ay, (Hz) 327 389 595 691 874 0.11 0.49 0.67 0.13

13C Resonances Listed According to Pyridine-Induced Shifts.
¢ Pyridine to DMPC mole ratio.

b 13C chemical shift with the fatty acid methyl resonance set to 13.80 ppm. Resonances are listed in order of decreasing pyridine-induced shift.

¢ Change in chemical shift relative to DMPC alone.

4 Chemical shift change for a surface saturated with pyridine, calculated from Eq. 3.
¢ Fraction of surface sites occupied with 10:1 (f,), 5:1 () and 1:1 (f,) pyridine:DMPC sample, calculated from the changes in chemical shift and Eq. 2.
K,,,: apparent adsorption coefficient (M™) calculated from the values for f, and Eq. 1 using 1 M for the total concentration of pyridine and the binding

sites, each.

€ These quantitites were excluded from the averages because one or more values calculated from the shifts of this resonance was physically meaningless,

i.e., negative or values for f greater than one.

* Averages and 95% confidence intervals calculated excluding the values labeled. Values were rejected if one of the quantities calculated from that resonance
was physically meaningless, e.g., fractions greater than unity or less than zero, or negative adsorption coefficients.
{ Observed quadrupolar splittings of H,0 and the corresponding quantities calculated from these splittings.
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the surface sites (vide infra), and so in this simple model the
fraction of surface sites occupied can be estimated from any
of the NMR observables as

f= Ayobs/AysaU (2)

where Ay, is the observed change in a parameter relative to
the system with no pyridine and Ay, is the change expected
for a surface saturated with pyridine (f = 1). None of the
experiments presented yield definitively saturated lattices,
consequently it was necessary to estimate values of Ay, in
the following manner. Given that the apparent site concen-
tration, [S],, was the same for all levels of pyridine, Egs. 1
and 2 can be rearranged, using the values for two different
pyridine concentrations, to yield a quadratic in Ay,

(ri /Ay, — r,/Ay,)(Ayg, ) — (r; — 1,)Ayg, )
3
+ (Ay, — Ay,) =0,

where r, and r, are the two pyridine to DMPC mole ratios
and Ay, and Ay, are the corresponding changes in the
observable, e.g., chemical shift or quadrupolar coupling.
Table 1 contains values of A, calculated from Eq. 3 using
the DMPC *C resonances for 5:1 and 10:1 pyridine:DMPC.
The fraction of sites occupied at all three levels of pyridine
are also given in the table, and the apparent partition coef-
ficient was calculated from the fraction occupied at 1:1
pyridine:DMPC using Eq. 1.

Differential scanning calorimetry: confirmation of
interfacial binding

Fully hydrated DMPC exhibits two thermotropic transitions:
near 15°C there is a change from L,, (lamellar gel phase) to
P, (ripple phase), referred to as the pretransition, and the
main transition near 25°C corresponds to the change from
ripple phase to the liquid crystalline phase (L) (Cevc, 1991).
DSC thermograms for DMPC and 1:1 pyridine:DMPC in
H,0 are given in Fig. 1. Pyridine induces a decrease in the
pre-transition enthalpy and peak temperature, which are
common effects of substances partitioning into the lipid
(Mountcastle et al., 1978; Makriyannis et al., 1986; Gaillard
et al., 1991). The main transition exhibits a smaller decrease
in peak temperature and actually increased in enthalpy with
the addition of pyridine. The increase in enthalpy for the
main transition is similar to that observed by Boden et al.
(1988) for binding of benzyl alcohol. They interpreted this
increase as evidence for displacement of the alcohol from the
interface upon forming the gel state. The excess enthalpy was
attributed to solvation of the free benzyl alcohol.

Pyridine also has opposite effects on the widths of the two
transitions, causing the main transition to become narrower
and broadening the pre-transition (Fig. 1). According to the
Monte Carlo simulations by Jgrgensen et al. (1993), this be-
havior of the main transition is indicative of an amphiphile
that does not intercalate into the acyl chain domain and, to
some extent, is displaced from the bilayer upon forming the
gel state. Species that are not readily displaced cause a broad-
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FIGURE 1 Differential scanning calorimetry heating thermograms for
DMPC liposomes and liposomes with 1:1 pyridine:DMPC, pH 9.0, in 2H,0.
DMPC liposomes with no pyridine (fop) exhibit a main transition (Pg —
L)) with a maximum at 24.4°C, an area of 29 kJ/mole and a width at half
height of 2°C. The pretransition (L, — P,) was located at 15.5°C with an
area of 4.3 kJ/mole and a 2°C width. Use of deuterium oxide instead of water
in these studies might account for the small differences between these values
and those reported by Mabrey and Sturtevant (1976), i.e., a main transition
with an enthalpy of 22.6 kJ/mole at 23.9°C and the pretransition of 4.2
kJ/mole at 14.2°C. In the presence of 1:1 pyridine:DMPC (bottom), the main
transition increases to 34 kJ/mole but drops to 22.6°C with a width of 1.7°C,
and the pretransition decreases to 1.7 kJ/mole, drops to 8.6°C, and increases
in width to 4°C.

ening of the transition and a drop in T, (Jgrgensen et al.,
1993), as observed for the pre-transition.

3P NMR: virtually no perturbation of the phosphodiester
by pyridine

The 3'P powder pattern provides a simple measure of changes
in the local dynamics of the phosphodiester moiety and the
motions of the molecules and membrane as a whole (Seelig,
1978; Watts and Spooner, 1991). Changes in shape of this
resonance can be used as measures of the extent to which an
adsorbate perturbs the phase properties of the lipid mem-
brane. At 40°C DMPC is in the liquid crystalline state and
exhibits an axial powder pattern with an averaged shielding
anisotropy of 45-46 ppm(Seelig, 1978; Gaillard et al., 1991).
Adsorption of pyridine results in only subtle changes in the
resonance shape (Fig. 2) with no measurable change in the
anisotropy and little change in the second moment of the
resonance even with up to 70% of the surface sites occupied
(Table 1). Consequently, pyridine must not significantly alter
the packing and dynamics of the phosphodiester moieties.

2H NMR of 2H,0: tightly bound water is not displaced
by pyridine

Molecular dynamics simulations of phospholipid bilayers
clearly show motionally restricted water molecules associ-
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FIGURE 2 121 MHz *P NMR powder pattern spectra for DMPC lipo-
somes (30% w/w water) at pH 9 and 40°C. Spectra for DMPC alone and
that for 10:1 pyridine:DMPC (the noisier of the two) are overlapped
to emphasize that the pyridine has very little effect on the shape of the
resonance.

ated with the headgroup and glycerol ester groups, and oc-
casional penetration of water clusters deeper into the hy-
drophobic center (De Loof et al., 1991; Bassolino-Klimas
et al,, 1993; Venable et al., 1993; Xiang and Anderson,
1994). The deuterium NMR spectrum of 2H,0 with multi-
lamellar liposomes gives evidence of this restricting envi-
ronment for water. Anisotropic averaging of the deuterium
quadrupolar coupling results in the single H resonance for
H,0 splitting into Pake doublets (Finer, 1973; Ulmius,
1977; Gawrisch et al., 1992). Fig. 3 shows this resonance
splitting for *H,O in the presence of DMPC liposomes with
and without pyridine. The ?H,0 to DMPC mole ratio was 56:1
for all of the samples studied, and the temperature was 40°C.

The interfacial water molecules are in rapid exchange with
the “bulk” water between the bilayers of multilamellar li-
posomes. As a result, the observed quadrupolar splitting is
a population-weighted average of splittings from the various
interfacial states and zero splitting from water that is tum-
bling isotropically between the bilayers. The extent of this
averaging is substantial given that polycrystalline *H,O ice
exhibits a resonance splitting of approximately 170 kHz
(Finer, 1973), and the largest reported splittings for 2H,0
associated with phospholipids in the liquid crystalline state
are on the order of 2 kHz (Finer, 1973; Ulmius, 1977,
Gawrisch et al., 1992). A single narrow resonance can be
observed superimposed on the Pake patterns if there is an
excess of water outside of the liposome or lipid assemblies
that behave isotropically on the NMR timescale, e.g., cubic
phases. Because water between the bilayers tumbles almost
isotropically, contributing zero splitting to the average, the
magnitude of the observed quadrupolar splitting depends
strongly on the water/lipid mole ratio (Finer, 1973; Ulmius,
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FIGURE 3 46 MHz H NMR powder pattern spectra of 2H,0 in DMPC
liposomes (30% w/w water) with 5:1 pyridine:DMPC (zop) and without
pyridine (bortom) at pH 9 and 40°C. Pyridine causes an increase in qua-
drupolar splitting of the H,0 resonance, suggesting that the tightly bound
water in the interface is not displaced by adsorption of the pyridine.

1977; Gawrisch et al., 1992). There is also a strong depen-
dence on phase state of the lipid, with fewer water molecules
bound in the gel state than the liquid crystalline state, and
temperature, which affects the local motions available in the
gel state and the amount of water penetrating into the in-
terface in the liquid crystalline state.

The resonance splitting increases slightly with increasing
pyridine (Table 1). This is the opposite of what might be
expected if pyridine displaces the motionally restricted water
in the interface when it associates with the glycerol and cho-
line moieties, as suggested by the *C spectra. The fact that
the H,O splitting does not decrease when pyridine binds
indicates that the water molecules displaced from between
the glycerol and choline moieties must behave nearly iso-
tropically in that environment, contributing little to the ob-
served deuterium splitting even in the absence of pyridine.
This interpretation could be tested by analyzing the motions
of interfacial water molecules in simulations, although cur-
rent approaches would not include exchange of protons (deu-
terons) among water molecules, which will contribute to the
apparent isotropic character of the water.

The increase in H,0 quadrupolar splitting when pyridine
is added suggests that either the pyridine further restricts the
motion of the water responsible for the quadrupolar splittings
or it promotes the penetration of water into the restricted
environments by altering the lipid packing. There is insuf-
ficient evidence to distinguish these two possibilities. The
decrease in transition temperature in the DSC thermograms
supports a pyridine-induced change in acyl chain packing,
but the insensitivity of the 3'P powder pattern to pyridine
indicates that the changes in packing must be subtle. Al-
though it is tempting to discuss site-specific binding of the
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water molecules and the effect of pyridine on this binding,
the complexity of the interface depicted by dynamics simu-
lations leads to a very ambiguous definition of these sites in
a fluid membrane.

Equations 1-3 were also applied to H,0 quadrupolar
splittings to estimate the pyridine adsorption coefficient
(Table 1). Av,, from the 5:1 and 10:1 data was estimated as
874 Hz, and the fraction of the pyridine bound and the ad-
sorption coefficient calculated from this value are in very
good agreement with those from the *C data (Table 1). This
supports the supposition that the quadrupolar splitting
changes in direct response to the level of bound pyridine and
is not some indirect effect caused by the unbound pyridine,
e.g., changes in hydration or the hydration forces due to the
excess pyridine between bilayers.

2H NMR of d,-pyridine: pyridine is bound to gel and liquid
crystalline states

Deuterium NMR experiments with d,-pyridine provides the
means to test whether pyridine is displaced from the interface
in the gel state, as suggested by the DSC studies. An example
of the axial powder pattern observed with ds-pyridine bind-
ing to multilamellar liposomes is given in Fig. 4. Note that
there is no evidence of an isotropic resonance, indicating
fast exchange of free and bound pyridine at all temperatures
studied.

LI L

kHz

FIGURE 4 46 MHz >H NMR spectra of 1:1 d;-pyridine:DMPC in a mul-
tilamellar liposome suspension ( powder pattern) and oriented micelles con-
sisting of 4:1 DMPC:CHAPSO (high resolution spectrum) at pH 9 and
40°C. The powder pattern spectrum was acquired on a 7 mm solenoid solids
probe tuned to 2H, whereas the high resolution spectrum was collected
through the lock coil of a 5 mm high resolution 'H/*C probe. Consequently,
the relative signal-to-noise levels in the two spectra reflect the sensitivity
of the two different types of coil. The resonances for the oriented sample
are approximately 20 Hz full width at half maximum. Av | (o, m), the qua-
drupolar splitting for the unresolved ortho and meta doublets, is the fre-
quency difference between the two tallest features in both spectra, and the
next tallest features correspond to Av, (p).
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At the level of pyridine in this sample, the main transition
for DMPC should fall between 20 and 30°C. Displacement
of pyridine upon forming the gel state should result in a
dramatic drop in the observed quadrupolar splitting. Instead,
there is actually a slight increase in this temperature range
(Table 2). There is also a dramatic increase in the splitting
when the temperature is dropped to 10°C. Consequently, if
pyridine is displaced during the main transition, as suggested
by the DSC studies, there must be a very substantial fraction
of the pyridine still bound in the gel state. The magnitude of
the quadrupolar splittings is very likely increasing as the
temperature is lowered because of greater order imposed on
the pyridine remaining bound. There may be a contribution
from a change in the average orientation relative to the bi-
layer normal as indicated by a change in the ratio of the ortho
and meta splittings with the para splitting (Table 2).

The order parameter for the pyridine molecular director in
the bilayer, Sp,, can be estimated from these results using the
fraction of pyridine bound calculated from the *C and ?H,0
data. For 1:1 pyridine:DMPC at 40°C, the fraction of surface
sites occupied is 0.17 = 0.07 (Table 1), which is also the
fraction of the total pyridine bound at this ratio. The qua-
drupolar splittings for the para deuterons can be expressed in
terms of fraction bound and the molecular order parameter
for bound pyridine as

Av, (p) = —3AfS,/4. @)

Using 185 kHz for A (Abe and Yamazaki, 1989) and
given that the sign on the resonance splitting is not
known, S, = *0.20 (*£0.08).

Studies with magnetically oriented DMPC/
surfactant micelles

NMR experiments with magnetically oriented phospholipid/
surfactant micelles retain the rich structural information in-
herent in quadrupolar coupling, dipolar coupling, and chemi-
cal shift anisotropy while providing a dramatic improvement
in sensitivity and spectral resolution over equivalent experi-
ments with liposome suspensions (Sanders and Prestegard,
1990; Sanders, 1993; Sanders et al., 1993). Sample prepa-
ration and instrumental demands are both simpler with the
micelle systems than the alternatives for NMR studies of
species bound to membranes. The principal disadvantage

TABLE 2 Quadrupolar splitting for d.-Pyridine in DMPC
multilamellar liposomes as a function of temperature

Av (o, m)* Av, (p)® Av, (o0, m)/
T(°0) (kHz) (kHz) Av (p)
10 5.009 7.877 0.636
20 3.759 4.815 0.781
30 3.448 4.684 0.736
40 3.186 4.590 0.694
50 3.018 4.521 0.668

¢ Magnitude of the splitting for the component of the quadrupole moment
perpendicular to the applied field: Av, (o, m) for the unresolved ortho and
meta resonances and Av, (p) for the para deuteron.

\
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with these micelles comes from the presence of the surfac-
tant. Although the DMPC is present in a bilayer assembly,
the surfactant forms a nonbilayer domain that presents a sec-
ond environment for substances bound to the micelle. Con-
ditions under which the model amphiphile, pyridine, binds
primarily to the DMPC domains are given in the following
sections along with an analysis of the average orientation of
pyridine in these domains.

2H NMR spectra of d -pyridine: liposomes versus oriented
micelles

Fig. 4 demonstrates the dramatic improvement in resolution
of the d,-pyridine quadrupolar splittings in going from
DMPC liposomes to oriented DMPC/surfactant micelles. A
direct comparison of sensitivity is not reasonable with these
two spectra because two different probes were used. The
spectrum with the liposomes was collected using a 7 mm
solenoid coil tuned to deuterium, whereas that for the ori-
ented spectrum was collected with a 5 mm high resolution
probe using the deuterium lock coil. Assignment of the para
resonances can be made on the basis of relative amplitude.
In a 'H NMR spectrum, the meta and ortho resonances can
be distinguished by their scalar coupling patterns, but 2H-2H
scalar couplings are too small to be resolved clearly with
these samples. Assignments of the meta and ortho resonances
were made here using the known chemical shifts for aprotic
pyridine, 8.5, 7.9, and 7.5 ppm for ortho, para, and meta,
respectively, and the fact that the doublets are observed to be
symmetric about the original resonances. This is shown in
Fig. 5 for a sample that is not completely mixed. There are

1 1

-1.5 -10 -05 0.0 0.5 1.0 1.5
kHz

FIGURE 5 Resonance assignments for >H NMR spectrum of d,-pyridine
in coexisting oriented and isotropic phases. The sample is 1:1 pyridine:
DMPC in a 4:1 DMPC:Triton X-100 suspension that is not fully mixed. The
three peaks in the center of the spectrum are for d;-pyridine in an isotropic
micelle phase and the doublet wings about the center are for d;-pyridine in
an oriented phase; both sets of resonances are observed because of slow
diffusive exchange between the two bulk phases. Solid lines above the
spectrum indicate the symmetric placement of the doublets about each of
the three isotropic peaks. The assignments for the three center peaks are
ortho, para, and meta, from left to right, based on the known relative chemi-
cal shifts for these three ring positions.
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two coexisting micelle phases present, one that does not ori-
ent in the field, which is represented by the three pyridine
resonances in the center of the spectrum, and an oriented
phase, indicated by the doublets split about the center. The
lines indicate the symmetric splitting. It should be noted that
the doublet centers could have been distorted away from the
positions of the isotropic resonances as a consequence of
chemical shift anisotropy from the pyridine ring current. The
symmetric splitting observed in Fig. 5, and the overall self-
consistency of the assignments we made, indicate that the
chemical shifts are not appreciably different in the oriented
and unoriented phases. More general approaches to assigning
the split resonances in complex situations may require either
selective deuteration or deuterium-carbon heterocorrelation
experiments.

Effects of micelle composition: pyridine partitioning into
surfactant versus DMPC domain

In the simplest view of these micelles, pyridine can be con-
sidered as partitioning among three phrases: bulk aqueous,
DMPC bilayer, and the nonbilayer surfactant domain. Be-
cause only three quadrupolar doublets are observed, this par-
titioning must occur in the fast exchange regime.

To test whether there is binding of pyridine to the sur-
factant domain, micelles were prepared with several DMPC/
surfactant ratios and two different surfactants: CHAPSO and
Triton X-100. Tables 3 and 4 show that the magnitude of the
quadrupolar splitting increases with the DMPC/surfactant ra-
tio, holding the water content constant at 65% by weight. The
increase for the Triton X-100 samples is slight compared
with that of CHAPSO. These trends with increasing DMPC/
surfactant ratio can be caused by a combination of factors:
an increase in the fraction of the pyridine binding to DMPC,
an increase in total bound pyridine, and an increase in the
liquid crystal order parameter. The last two can be factored
from the trends by considering ratios of ortho, meta, and para
splittings (vide infra). Any remaining dependence on micelle
composition will reflect a shift in partitioning between the
DMPC and surfactant domains.

The splitting ratios in Table 3 change with the DMPC/
CHAPSO ratio, indicating that the pyridine does partition
into both the DMPC and surfactant domains when CHAPSO
is used. Pyridine appears to bind to only one of the domains
with the DMPC/Triton X-100 micelles (Table 4) because the
ratios of splittings are relatively invariant with DMPC con-
tent. Both data sets appear to approach the same ratios of

TABLE 3 D;-pyridine quadrupolar splittings in DMPC/
CHAPSO micelles, 65% w/w water, pH 9, 40°C

Av, Av, Av,
(DMPC*/CHAPSO) (kHz)  (kHz) (kHz) R’ R’
31 0.240 0.241 0.292 0.822 0.825
4/1 0.465 0.460 0.596 0.780 0.772
51 0.986 0.974 1.288 0.766  0.756
mn 1.320 1.301 1.870 0.706 0.696

“ Mole ratio; ds-pyridine:DMPC 1:1 mole ratio for all samples.
*R,, = Av/Av, and R, = Av,/Av,
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TABLE 4 Quadrupolar splittings and micelle order parameters for d.-pyridine in DMPC/triton X-100 micelles, 65% w/w water,

pH 9, 40°C
Axo) Av(m) Au(p) A¥(CO1)?
(Pyridine’/DMPC)  (DMPC%Triton X) (kHz) (kHz) (kHz) R, Ry, (ppm) SF
11 3 117005 117 %005 1832003 0640  0.640 -8.74 0.857
21 3N 1.23 £ 0.01 1.18 * 0.01 1842001 0668  0.642
11 41 1.29 + 0.01 1.24 * 0.01 1872001 0690 0662 -8.77 0.860
271 471 1.29 + 0.01 1.25 + 0.01 188001 0685  0.665
11 51 134005  1.27+005 195+005 0676  0.641 ~9.18 0.900
211 51 1.30 * 0.01 1.26 + 0.01 1.89+001 068  0.664
n n 130 £007  130%007  203%005 0640  0.640 -9.22 0.904

¢ Mole ratios.

b Chemical shift difference for the sn-1 carbonyl *C NMR: &(oriented sample) — &(liposomes). Both chemical shifts are referenced to the terminal methyl
group of the myristoyl chain and the spectrum for the multilamellar liposome samples was collected using magic angle spinning.

¢ Calculated from Eq. 9.

splittings with increasing DMPC and, in fact, are approach-
ing the values observed for d,-pyridine binding to DMPC
liposomes at 40°C (Table 2). These observations provide
strong evidence that, in the DMPC/Triton X-100 micelles,
pyridine binds primarily to the phospholipid domain.

13C NMR of the oriented micelles: estimating the micelle
order parameter

The order parameter for the micelles, S., can be estimated
from the changes in *'P or *C chemical shifts for the phos-
pholipid in going from isotropic to oriented states (Sanders,
1993). However, with pyridine bound to the micelles, the
lipid resonances can shift not only as a result of magnetic
ordering, but also the average proximity of the atom to the
pyridine ring. Of the DMPC *C resonances characterized by
Sanders (1993), two exhibit relatively large shifts due to or-
dering with only small shifts due to the binding of pyridine
(Table 1): the sn-1 carbonyl of DMPC (CO1) and the ter-
minal methyl of the myristoyl chain (C14). Assuming the
effect of pyridine on these resonances is negligible and given
that the C14 resonance is used as a chemical shift reference
in all spectra, the micelle order parameter can be estimated
from

S, = AS(CO1)y,, {AS(COL),py, — AS(C14)},  (5)

where A3 is the change in chemical shift relative to the un-
oriented spectrum and the subscripts refer to the observed
shift and the maximum shifts expected for perfectly oriented
micelles. For DMPC/Triton X-100 micelles Sanders (1993)
estimated A3, to be —8.4 for CO1 and 1.8 ppm for C14.
Table 4 lists experimental values for A§(CO1),,, and the
corresponding values of ..

Fraction pyridine binding to the DMPC/Triton X-100
micelles

It is reasonable to assume that pyridine has the same value
for S, in the DMPC/Triton X-100 micelles as it does in the
DMPC liposomes given that the d;-pyridine splitting ratios
are the same (Tables 2 and 4). Using this S;, from the lipo-
some studies (+0.20) and the values of S, from the *C

chemical shifts, the para-deuteron splittings yield f = 0.08 =
0.03 for the fraction of pyridine bound to the DMPC/Triton
X-100 micelles (Eq. 4a). This is roughly half the value ex-
pected from the DMPC liposome studies with similar pyri-
dine and DMPC concentrations, i.e., f = 0.17 = 0.07. An
underlying assumption in this analysis is that all micelles to
which pyridine binds are oriented. The values for S, are very
close to unity, indicating that most of the DMPC is incor-
porated into oriented micelles. However, it is reasonable to
assume that some of the Triton X-100 forms micelles that are
relatively free of DMPC. These could be closer to spherical
in shape and unoriented. Therefore, the total pyridine bound
to micelles could be greater than that indicated by the H
splittings.

Relation between 2H resonance splittings for d,-pyridine
and its orientation in the bilayers

Assuming the quadrupolar coupling for the deuterons of pyri-
dine is axially symmetric about the carbon-deuteron bond,
the quadrupolar splitting of resonance i for pyridine in fast
exchange between a free and micelle bound state is given as
(Murari et al., 1986; Sanders and Prestegard, 1990)

Avy = 3AfY5(3 cos?y — 1)Va(3 cos’a; — 1)/2,  (6)

where A is the electric quadrupole coupling constant, which
is on the order of 180-190 kHz for aromatic deuterons (Abe
and Yamazaki, 1989), f is the fraction of pyridine bound to
the micelle, vy is the angle between the magnetic field and the
pyridine molecular director, D, and ¢, is the angle between
the bond to deuteron i and D. The brackets indicate an
averaging over some anisotropic distribution of pyridine
orientations.

These micelles orient with the normal vector for DMPC
bilayer perpendicular to the magnetic field (Sanders and Pre-
stegard, 1990; Sanders, 1993; Sanders et al., 1993). Thus, for
perfectly oriented micelles, vy is 90° and the expression in vy
reduces to —1. In reality, the micelles do not attain perfect
order, and this average over vy is represented by the produce
of the ideal value and an order parameter, S., that falls be-
tween 1 (perfect order) and 0 (isotropic behavior). Values of
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S, for the DMPC/Triton X-100 micelles are given in Table
1 as described above. Because there is no macroscopic order
about this normal vector, the molecular director for pyridine
bound to the DMPC domain will necessarily be parallel to
the bilayer normal.

The cos «, terms in Eq. 6 can be defined by the dot product
between D and a unit vector coincident with the bond, B,;.
This can be expanded in the form

cos a; = sin 0, cos ¢; sin 0}, cos ¢y, %)
+ sin 6, sin ¢, sin 0, sin ¢, + cos 6, cos 6,
where 0, ¢, are the polar coordinates of B, and 6,, ¢, are
those of D in the pyridine frame of reference. The latter was
chosen with the z axis perpendicular to the pyridine ring and
the x axis parallel to the para-deuteron bond. Given this defi-
nition, all 6, are 90° and the last term in the sum is zero.
The two ortho deuterons are experimentally indistinguish-
able and so are the two meta deuterons, which is equivalent
to a direct average of director orientations with ¢, and —¢,,.
Given these considerations, Eq. 6 takes on the form

Av, = —3AS, > f,3 [cos? P(sin® 6}, cos? dp);

’ ®)
+ sin’¢(sin” 6, sin® ¢,);] — 1}/8,
where the summation in j is over discrete binding sites, e.g.,
surfactant rim versus lipid bilayer, and the ¢, values are
Gpara = 0°; D, = 62.2°, and by, = 123.9° using the struc-
ture of pyridine determined from microwave spectroscopy
(S¢rensen et al., 1974).
Assuming 6, and ¢, vary independently, the averages in-
dicated by the brackets can be expressed as

J sin? 6P(0) sin 8 d6 [ cos? P(P) dd

(sin? 6, cos? ¢p,) =

{P(6) sin 0d0 [ P($) dD
)
(sin6y, sin’¢p,) = (sin® O) — (sin® 6, cos? ¢p) (9b)
) _ sin® OP(0) sin 6 d@
(sin* 0b) =~ pgysinodo )

where the integrals in 8 are from O to mr, ¢ is from 0 to 27,
and P(0) and P(¢) are the distribution functions for the two
variables, which depend on the details of the local environ-
ment of the binding site.

Equations 8 and 9 can be rearranged to yield expressions
for (sin® 6,,) and {cos® ¢,) in terms of the measured splittings,
f calculated from the para-deuteron splittings as described
above, S7 from the *C chemical shifts, and 185 kHz for the
quadrupolar coupling constant (Abe and Yamazaki, 1989).
Because the signs on the quadrupolar splittings are not
known, these relations yield multiple possible solutions for
these two average quantities; however, all values must fall
between zero and positive unity. Considering all possible
combinations of signs on the splittings in Table 4 yields two
sets of solutions: (sin? 6),) = 0.48 = 0.02 with (cos’ ¢,,) =
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0.96 + 0.02 or 0.42 * 0.02, and {sin® 6,)) = 0.85 * 0.01 with
(cos® ¢p) = 0.54 = 0.02 or 0.24 * 0.02.

To estimate the polar coordinates of the molecular direc-
tor, it is necessary to consider the expressions for the aver-
ages given in Eq. 9. The exact forms of P(6) and P(¢) will
depend on the details of the local environment, which are not
known. Even if it is assumed that they are Gaussian distri-
butions, there is insufficient information to determine both
the average angles and the widths of the distributions. Fig.
6A presents plots of (sin® 8,) versus average 0, calculated
by numerically integrating Eq. 9c using a Gaussian form for
P(6) and SDs in 0,, of 18°, 9°, and 2°. For this range of SDs,
the two values of (sin® 6,,) from the splittings correspond to
0, of 36°—44° and 68°-72°. The former would be consistent

1.0 T T T T

06 1

<sin2 0y >

0.2 L b

0.0 1 1 1 1

0 20 40 60 80
Average 6, (degrees)

<cos? ¢go>

30 60 90 120 150 180
Average ¢, (degrees)

FIGURE 6 Estimation of average values for 6, and ¢, assuming
Gaussian distributions. (A ) Integrated values for (sin® 6,) vs. average 0. At
8, = 0°, the curves from top to bottom are for SDs in the distribution of
18°,9°, and 2°. The two horizontal lines correspond to the two experimental
values: (sin” 8,) = 0.48 (36° < 6, < 44°) and (sin’ 6,) = 0.85 (68° < 6, <
72°). (B) Integrated values for (cos® ¢,) vs. average ¢,. At ¢, = 0° the
curves from top to bottom are 6°, 18°, and 36°. The horizontal lines cor-
respond to the experimental values of (cos’ ¢,), which for (sin? §,,) = 0.48
are {cos? ¢p) = 0.96 (—9° < ¢, < +9°) and 0.42 (50° < ¢, < 51° or 123°
< ¢p < 130°) and for {sin® 6,,) = 0.85 are (cos® ¢,,) = 0.54 (32° < P, < 41°
or 138° < ¢, < 142°) and 0.24 (60° < ¢, < 120°).
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with the orientation of pyridine expected in the headgroup
region, whereas the latter is more consistent with the tilt of
the acyl chains (Hauser et al., 1988).

The same approach was used to generate the plots of
(cos? ¢,,) vs. ¢, presented in Fig. 6 B with the experimental
estimates of (cos” ¢),) displayed as horizontal bars to indicate
the possible ranges of ¢, for each 6,, range. Values for ¢,
are given in the figure caption. Broader distributions were
used in constructing the (cos® ¢,,) curves because variation
in ¢, should be less restricted by the local environment, i.e.,
greater resistance is expected in tipping the ring (6,) than in
rotating within the plane of the ring (¢,).

DISCUSSION

Phospholipid membranes present local environments that
change drastically in local polarity and order, proceeding
from the aqueous interface to the hydrophobic center. There
is a general increase in molecular order proceeding from the
aqueous phase through the headgroup region and a few car-
bons down the acyl chain, beyond which there is a decrease
in order down the remaining length of the acyl chains (Pope
and Dubro, 1986; Boden et al., 1988; Boden et al., 1991). As
a result of these features, the bilayer can accommodate in-
cluded species in various ways (De Young and Dill, 1988;
Jacobs and White, 1989; Sanders and Schwonek, 1993;
Bassilino-Klimas et al., 1993; Xiang and Anderson, 1994),
with correspondingly variable consequences in the phase
characteristics of the membrane (Mountcastle et al., 1978;
Pope and Dubro, 1986; Makriyannis et al., 1986; Boden
et al., 1988; Gaillard et al., 1991; Jgrgensen et al., 1993).
Small amphiphiles are expected to collect in the glycerol and
headgroup regions as a matter of reducing interfacial tension
of the membrane and because the lipid headgroups are
loosely packed, easily accommodating the added bulk of the
amphiphile. The details of these associations are important
in testing current models and simulations of solute-
membrane interactions (De Young and Dill, 1988; Jacobs
and White, 1989; Sanders and Schwonek, 1993; Bassilino-
Klimas et al., 1993; Xiang and Anderson, 1994), which in
turn are essential in deciphering the relations between the
membrane phase properties and biological activity.

Pyridine was chosen to probe the membrane environment
readily accessible to small amphiphiles because it is aro-
matic, rigid, and has three chemically distinct positions on
the ring from the standpoint of NMR. Ring current shifts of
the 3C resonances for DMPC place pyridine in close contact
with both the choline and glycerol groups of the lipid, the
same location proposed for benzyl alcohol based on pertur-
bations of *H order parameters for the lipid (Boden et al.,
1988). The principal difference between the two amphiphiles
is that benzyl alcohol can hydrogen-bond to the phosphate
moiety, whereas pyridine at pH 9 can not. This pH was cho-
sen to avoid the complications of the cationic pyridinium ion
(pK, = 5.19; Windholz, 1983) binding to a neutral surface,
i.e., double layer effects in the binding equilibrium and
changes in pK, for the absorbed pyridinium.
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Pyridine causes an increase in the peak heat capacity and
a decrease in temperature for the main transition of DMPC
(Fig. 1). This is indicative of an amphiphile that is displaced
to some extent upon forming the P, gel-state (Jgrgensen
et al., 1993). The *H NMR spectrum of d,-pyridine in DMPC
liposomes exhibits an increase in quadrupolar splitting as the
temperature is lowered through the transition temperature
(Table 2). Therefore, there must be a substantial level of
pyridine still bound to the gel-state, but in a much more
restricted environment than in the fluid state. The pre-
transition decreases in temperature and area with added pyri-
dine and broadens significantly (Fig. 1). Broadening of this
transition would be consistent with pyridine bound in the P,
state remaining in the interface as the L, forms. This is con-
sistent with the persistence, and even increase, of the ds-
pyridine quadrupolar splittings when the temperature is
dropped to 10°C.

At 10:1 pyridine:DMPC (40°C), approximately 70% of
the liposome surface sites are occupied by pyridine. Because
pyridine has virtually no effect on the 3P CSA of the lipid,
indicating little perturbation of the phosphodiester groups, it
must partition into a relatively free volume within the in-
terface. There are 8-10 water molecules per phosphatidyl-
choline hydrating the interface of the gel phase (Wiener etal.,
1989), with a greater number expected in the liquid crys-
talline state. Some of the water associated with the membrane
is motionally restricted, as is clearly indicated by the ap-
pearance of *H quadrupolar splitting for H,O in liposome
suspensions (Finer, 1973; Gawrisch et al., 1992). Displace-
ment of this water by pyridine should result in a concomitant
decrease in the 2H,O quadrupolar splitting; however, the con-
verse is observed (Table 1). The increase in 2H,O splitting
indicates that not only is this restricted water not displaced,
but pyridine either restricts its motion further or increases the
amount of water that is in regions of high order. The latter was
observed in neutron diffraction studies of hydrophobic tripetides
binding to DMPC vesicles (Jacobs and White, 1989).

DMPC/surfactant micelles were investigated as an alter-
native to liposome suspensions for NMR studies of
amphiphile-membrane associations. These oriented micelles
retain much of the resolution and sensitivity of a high reso-
lution NMR experiment while providing new spectral fea-
tures that are useful in structural studies, such as quadrupolar
and dipolar couplings. The disadvantage with these micelles
is that there are two distinct domains into which the amphi-
phile can partition. d,-Pyridine appears to bind to both the
surfactant and phospholipid domains with DMPC/CHAPSO
micelles, as evidenced by changes in the ratios of quadru-
polar splittings, Av/Av, and A, /Av, with increasing
DMPC content (Table 3). These splitting ratios are sensitive
only to the average local environment of the amphiphile
bound to the micelles. As the DMPC level is increase, the
values for Av /Av, and Av,/Av, approach those observed for
ds-pyridine bound to DMPC multilamellar liposomes
(Tables 2 and 4). This confirms that the pyridine shifts to the
phospholipid domain with increasing DMPC where it has a
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local environment comparable to that of pure DMPC lipo-
somes. The splitting ratios for pyridine in DMPC/Triton
X-100 micelles are relatively invariant with DMPC content
and are always comparable with those of pyridine in DMPC
multilamellar liposomes (Tables 2 and 4), suggesting that
pyridine preferentially associates with the phospholipid do-
main in these micelles.

The purpose in using magnetically oriented micelles was
to provide better resolution and sensitivity for measuring the
quadrupolar splittings of the associated amphiphile. These
splittings provide the means to characterize the average ori-
entation of the molecule in the bilayer, which is necessary for
any test of molecular dynamics simulations of the amphiphile
in the bilayer. Because pyridine is planar, it is necessary to
know the micelle order parameter and the fraction bound to
the oriented micelles to extract enough information to esti-
mate both (sin? 8,,) and (cos’ ¢,,), the parameters defining the
average orientation.

The micelle order parameter was calculated from *C
chemical shifts according to the work presented by Sanders
(1993). The fraction of the pyridine bound to the DMPC/
Triton X-100 micelles was estimated from the splitting of the
para-deuteron resonances using and the pyridine order pa-
rameter from the para-deuteron splitting for pyridine bound
to the liposomes and the micelle order parameter. Half as
much pyridine appears to bind in the micelle solutions rela-
tive to the fraction bound in the liposome suspensions. This
may be an indication that some of the pyridine associates
with unoriented micelles rich in Triton X-100 that coexist
with the oriented species. Characterization of the molecular
director requires only the fraction of pyridine bound to the
oriented phase, which is the quantity provided by this analy-
sis. Values for (sin® 8),) and (cos® ¢,,) were calculated from
the deuterium splittings using these results. However, trans-
lation of these quantities to average values for the director
coordinates, 6, and ¢,,, requires knowledge of the distribu-
tion functions for the two averages indicated by the brackets.
Assuming Gaussian distributions, plots of (sin” 6,) vs. av-
erage 0, and (cos® ¢,,) vs. average ¢, were constructed by
numerically integrating the expressions for these averages
for several values of the SDs in the distributions (Fig. 6). On
the basis of these plots the experimental values for (sin* 9,,)
correspond to a 6, of either 40° = 4° or 70° * 2°. Each of
these has three possible values for ¢,, (Fig. 6 B).

The pyridine aromatic ring would be parallel to the bilayer
surface for 6, = 0° and perpendicular to the surface for
0, = 90°. The experimental value of 40° is consistent with
the tilt of the ring that might be expected in the head-group
and glycerol interface (Hauser et al., 1988), the location sug-
gested by the °C data. A tilt of 70°, as it is defined here,
corresponds to the angle expected for pyridine intercalated
among the phospholipid acyl chains (Hauser et al., 1988;
Wiener et al., 1989). Both the tighter packing and the *C
chemical shift data argue against this location.

These molecular details are of the kind needed to test the
solute behavior in simulations such as that of benzene dif-
fusion in a bilayer (Bassolino-Kilmas et al., 1993). In those

Volume 67 July 1994

simulations, benzene freely diffused throughout the hydro-
phobic core but may preferentially associate with the car-
bonyl and terminal methyl regions of the acyl chains. Pyri-
dine and a similar amphiphile, benzyl alcohol (Boden et al.,
1988), appear to reside more in the aqueous interface, as
expected. The effect of functionality and size of the aromatic
group on its localization and orientation in the membrane is
the topic of ongoing studies in this laboratory.

The work with the DMPC/surfactant micelles demon-
strates a general approach for establishing the conditions
under which a substance partitions into the phospholipid
domain. The relative ease of sample preparation and the
sharp deuterium doublets arising from magnetically order-
ing the micelles are experimental conveniences that justify
this effort. The structural information that can be derived
from deuterium NMR studies with these micelles has al-
ready been demonstrated with glycolipids (Sanders and
Prestegard, 1991; Hare et al., 1993), and there have been
similar efforts with deuterated gramicidin in an aqueous
decylsulfate/decanol lyotropic liquid crystal (Davis, 1988).
Current efforts in this laboratory are focused on applying
these methods to conformational studies of peptides in a
bilayer environment.
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